The recent finding that high numbers of strict anaerobes are present in the respiratory tract of cystic fibrosis (CF) patients has drawn attention to the pathogenic contribution of the CF microbiome to airway disease. In this study, we investigated the specific interactions of the most dominant bacterial CF-pathogen, Pseudomonas aeruginosa, and the anaerobic bacterium Veillonella parvula, that has been recovered at comparable cell numbers from the respiratory tract of CF patients. In addition to growth competition experiments, transcriptional profiling and analyses of biofilm formation by in-vitro studies, we used our recently established in-vivo murine tumor model to investigate mutual influences of the two pathogens during a biofilm-associated infection process. We found that P. aeruginosa and V. parvula colonized distinct niches within the tumor. Interestingly, from mice that were co-infected with both bacterial species significant higher cell numbers of P. aeruginosa could be recovered from the tumor tissue. Concordantly, in vivo transcriptional profiling implied that the presence of V. parvula supports P. aeruginosa growth at the infected host site, and the higher P. aeruginosa load correlated with clinical deterioration. Although many challenges must be overcome to dissect the specific interactions of co-infecting bacteria during an infection process, our findings exemplarily demonstrate that the complex interrelations between co-infecting microorganisms and the immune responses determine clinical outcome to a much greater extent than previously anticipated.
INTRODUCTION
Over the past decade, an increasing number of studies on the respiratory tract of cystic fibrosis (CF) patients revealed that rather than being dominated by a few bacterial pathogens, the CF lung is populated by a much more diverse polymicrobial community, including facultative and obligate anaerobes (1) (2) (3) . Steep hypoxic gradients within the mucus plugs of the CF airways (4) and inefficient mucociliary clearance create a unique environmental niche thus allowing obligate anaerobes to infect and colonize the CF lung (5, 6) . Although anaerobes appear to be present in numbers comparable to those of the typical aerobe bacterial pathogens such as Pseudomonads and Staphylococci (2) , their role in the development and progression of the CF lung disease remains unclear (7) .
The main obligate anaerobe bacteria in the respiratory tract and the lung mucus of CF patients usually consist of microorganisms that colonize the oral cavity (8) . Veillonella parvula, a gramnegative strictly anaerobic coccus, is one of the most predominant bacterial species of the oral microbiome (9, 10) . Accordingly, Veillonella sp. were repeatedly detected in CF sputum specimens at very high bacterial numbers together with P. aeruginosa (11) (12) (13) . Thus, Veillonella species had been reported to be involved in mainly dental infections (14, 15) . In addition, severe acute and chronic infections, such as osteomyelitis and discitis (16) (17) (18) (19) (20) , meningitis (16) , prosthetic joint infection (21) , pleuropulmonary infections (22) , as well as abscessed orchiepididymitis with sepsis had been observed (23) . Endovascular infections by Veillonella species are considered to range from bacteremia to severe endocarditis and fatal cases of sepsis (24) (25) (26) (27) . Furthermore, Veillonella species are one of the most common anaerobic pathogens in chronic maxillary sinusitis and deep neck infections (28, 29) . However, apart from directly contributing to the pathophysiology in the CF lung, the anaerobes might also display an indirect impact by either modulating the host immune system, or by enhancing pathogenicity of other bacterial populations within the mixed bacterial CF community.
Along this line, recent animal experiments demonstrated that bacterial strains of the oropharyngeal flora, such as Prevotella intermedia contribute to pathogenicity of P. aeruginosa (30, 31) .
Here, we focused our studies on V. parvula, as the most abundant anaerobe recovered from the respiratory tract of CF patients. V. parvula is well known for its properties to co-aggregate with other anaerobe and aerobe bacteria (15) . We addressed the question of whether and how cocultures of V. parvula and P. aeruginosa influence each other. In addition to in-vitro studies such as growth competition experiments, transcriptional profiling and analyses on biofilm formation, we used our recently established in-vivo murine tumor model (32). In this model we inject subcutaneously CT26 tumor cells into syngeneic BALB/c mice and when the tumor has reached a certain size, the bacteria are administered intravenously. Most bacteria are able to invade and colonize such tumors. In addition, we could show that Salmonella typhimurium as well as P. aeruginosa form biofilms in this neoplastic tissue (33). Transcriptional profiling of tumor colonizing P. aeruginosa revealed that the microenvironment encountered by the bacteria in the tumor closely resembles that of the microenvironment of the CF lung (34).
Using this model we set out to investigate species dependent phenotypic and transcriptomic changes during in vivo co-infections by V. parvula and P. aeruginosa. We found that both V. parvula as well as P. aeruginosa specifically colonize the neoplastic tissue following intravenous 4   81   82   83   84   85   86   87   88   89   90   91   92   93   94   95   96   97   98   99   100   101   102   103   7 infection of tumor bearing mice. However, although P. aeruginosa and V. parvula were found in distinct niches within the tumor, in mice that were co-infected with both bacterial species significant higher cell numbers of P. aeruginosa were recovered from the tumor tissue and the higher P. aeruginosa load correlated with clinical deterioration. 
mRNA profiling
RNA extraction, cDNA library preparation and deep sequencing were performed as previously described (36). In brief, cells were harvested after addition of RNA protect buffer (Qiagen) and RNA was isolated from cell pellets using the RNeasy plus kit (Qiagen). mRNA enrichment was performed using the MICROBExpress kit (Ambion). RNA was fragmented and ligated to specific RNA-adapters containing a hexameric barcode sequence for multiplexing. The resulting RNAlibraries were reverse transcribed and amplified resulting in cDNA libraries ready for sequencing. 
Ex-vivo CFU counts of infected tumors
Two days post infection, mice were sacrificed and tumors were removed and kept in PBS for further analysis. To determine CFU g Two days post infection, mice were sacrificed and tumors were removed and adherent fatty tissue and fur was cleared. Immediately after tumor removal, the tissue was cut into small pieces and squeezed with a sterile syringe through a nylon filter with 70 µm pore size into a 6 well plate, prefilled with 2.5 ml pre-chilled RNAprotect Bacteria Reagent (Qiagen). The resulting mixture was used to rinse the filter again. Afterwards, the mixture was filtered through a nylon filter with 50 µm pore size. The filtered mix was collected in a sterile 2 ml reaction tube and centrifuged at 4°C for 2 min / 3000g. The supernatant was transferred in a sterile reaction tube and centrifuged at 4°C for 5 min / 17.000g. The pellet was stored at -70°C and enrichment for bacterial RNA was achieved by using the MicrobEnrich Kit (Ambion).
Quantification of gene expression
RNA treatment and comparative analysis of gene expression was performed as previously described (36). Sequence reads were separated according to their barcodes and barcode sequences were removed. The sequence reads were mapped to a hybrid reference containing the genome sequences of both P. aeruginosa PA14 and V. parvula DSM 2008 using the algorithm stampy (37) with default options. In this way, non-unique hits corresponding to homologous regions between the two bacterial species were discarded by the mapping algorithm. Further, only high-quality mapped reads (Phred-score mapping quality of at least 20) were assigned to the corresponding species and were used to quantify the amount of reads mapping to each gene. The R package DESeq (Version 1.10.1) (38) was used for differential gene expression analysis. Briefly, the reads-per-gene data were pre-filtered to discard rRNA and tRNA genes and then normalized for variation in library size / sequencing depth by using the estimateSizeFactor function of DESeq. Differentially expressed genes were identified using the nbinomTest function based on the negative binomial model.
Biofilm growth assay
Cultivation of static biofilms at the bottom of 96 well microtiter plates were carried out as previously described with small modifications due to growth under anaerobe conditions (39). In brief, overnight cultures of PA14 wild type and V. parvula growing under anaerobe conditions in PYG-KNO 3 medium were adjusted to an OD600 of 0.02 with fresh medium and 100 µl were Biomers, Ulm, Germany). Samples were incubated in a dark, humid chamber for 2 h at 50°C.
Then, the slides were rinsed with sterile double-distilled water, dried and mounted with
Vectashield mounting medium (Vector Laboratories, Burlingame, CA) without DAPI.
Oligonucleotide probes for FISH
For simultaneous visualization and identification of P. aeruginosa and V. parvula, the specific probes PSM_G (43) and VEPA (44) were used, respectively. The nonsense probe NON-EUB338 
.
Determination of serum TNF-alpha levels by ELISA
In order to obtain serum, mice were retroorbitally bled 1h, 6h and 48h after infection (coinfection / uninfected ) -blood was transferred into a Microvette 500 serum gel (Sarstedt, Germany) and centrifuged for 5' at 10000 rpm. Serum was transferred into a reaction tube and Therefore, serum samples were thawed and 1 to 25 µl of each sample were used in the ELISA.
Obtained values were calculated back to the amount of TNF-α per ml of blood for graphic depiction. To analyze the mutual influence of both bacteria in more detail, we monitored the transcriptional profile of both species after 20 h of in-vitro growth in mono-or co-cultures, respectively (Table   1) . Interestingly, the expression profile of P. aeruginosa PA14 was nearly unaffected by the presence of V. parvula and only three P. aeruginosa PA14 genes were significantly downregulated (>2.5-fold) in the presence of V. parvula. In contrast, the expression of 27 genes (9 of them being hypothetical genes) of the anaerobe cocci were significantly up-regulated in the presence of P. aeruginosa.
RESULTS

Co
Biofilm formation of P. aeruginosa PA14 is influenced by the presence of V. parvula
V. parvula has been shown to enhance the aggregation properties of adjacent bacterial species, such as Actinomyces and Streptococcus sanguis (15) . Here, we tested whether the presence of V.
parvula alters the capability of P. aeruginosa to enter a biofilm state of growth. We cultivated P.
aeruginosa PA14 and V. parvula separately and in co-cultures without agitation in PYG-KNO 3 medium within 96-well plates. 24 h and 48 h old biofilms that had developed at the bottom of the plate were analyzed by CFU counting (Figure 2A) . We also used a confocal scanning laser microscope to determine the overall structure of the biofilms ( Figure 2B ), their total biovolume as well as the distribution of life and dead cells according to a cell wall permeability stain ( Figure   2C ). Under the given experimental conditions both strains formed mature biofilms. CFU measurements revealed that P. aeruginosa already reached high bacterial cell numbers after 24 h of growth and was not affected by the presence of V. parvula. In contrast, cell numbers of V.
parvula significantly increased with prolonged incubation, however only in the absence of P. parvula, the biofilm of P. aeruginosa was more heterogeneous and we observed a higher fraction of bacterial aggregates including a high proportion of dead bacteria already after 24 h of incubation ( Figure 2B ). After 48 h more cells contributed to the total biovolume of the P.
aeruginosa biofilm, exhibiting a balanced ratio between dead and live cells ( Figure 2C ).
Interestingly, the biofilm of P. aeruginosa in co-culture with V. parvula presented some significant differences in comparison to mono-cultured conditions. The flat biofilm formed after 24h by V. parvula was absent in the presence of P. aeruginosa. In co-cultures we observed a higher number of bacterial clusters. After 48 h these aggregates displayed an increased size and were interspersed with vital bacteria that did not contribute to the total biomass of the biofilm ( Figure 2C ). The increased size and presence of cluster formation may indicate that V. parvula promotes the development of robust P. aeruginosa aggregates and mature biofilm structures.
V. parvula enhances P. aeruginosa colonization of solid subcutaneous tumors in mice
It has previously been shown that facultative anaerobe bacteria such as Salmonella typhimurium
and Escherichia coli are able to colonize solid subcutaneous tumors of the colon carcinoma cell line CT26 in a mouse tumor model (48) . We have furthermore demonstrated that P. aeruginosaalthough rapidly cleared from the blood and other organs -is also capable to specifically gather and multiply in the murine tumor tissue following intravenous administration (32, 33). Of note, whereas the facultative anaerobe bacteria like Salmonella colonize the whole tumor tissue including the anaerobic center, the non-fermenter P. aeruginosa colonized mainly the outer rim of To understand more about the interplay between P. aeruginosa PA14 and V. parvula in vivo, we administered the two bacteria alone or together to tumor bearing mice.
We intravenously infected tumor bearing mice with V. parvula and determined the colony (Fig. 3) ). Interestingly, the CFU/g tumor tissue of V.
parvula showed no significant changes upon co-infection with P. aeruginosa. In contrast, the massive presence of intra-tumoral V. parvula increased the CFU/g tumor of P. aeruginosa PA14 significantly ( Figure 3 ). In addition, the extend of necrotic tissue was more increased in most of the co-infected tumors (data not shown). Furthermore, considerable enhanced clinical symptoms (such as disorientation, scruffy fur and lethargy) were observed already after 24 h post infection for mice that were co-infected with PA14 and V. parvula. As depicted in Figure 4 , the mice survival rate after 48 h post infection was drastically decreased during co-infection conditions. Pseudomonads as measured by electron microscopy was about 2µm (Figure 6 ). Within the colonies formed by V. parvula in deeper tissue, we were never able to detect P. aeruginosa.
Prolonged TNF-alpha response during P. aeruginosa PA14 and V. parvula co-infection
Depletion of TNF-α has previously been demonstrated to retard blood influx and to delay bacterial colonization of the tumor tissue (49), clearly suggesting that induction of this cytokine significantly influences the bacterial invasion and colonization process. In order to investigate whether the increased P. aeruginosa cell counts in co-infected mice could be correlated to increased TNF-α levels, we measured the cytokine levels over time in mono-infected versus coinfected animals. As depicted in Figure 7 , TNF-α is readily detectable in blood of all infected mice 1h after administration and is gradually lower at 6 h. Importantly, TNF-α becomes aeruginosa into the tumor tissue and might at least in part explain the high bacterial cell counts observed in co-infected tumor tissue. Thus, whereas the high TNF-α titers might be the result of increased P. aeruginosa cell counts, they might as well as be their cause, since TNF-α enhances bacterial influx into the tumor tissue. In addition, the prolonged high concentration of TNF-α in the blood of co-infected animals might explain the deterioration of the general health status and the lethal outcome for some of the mice.
Gene expression of both species is altered during co-colonization of solid tumors
Alternatively, the high mortality of co-infected mice might also be due to enhanced virulence of the opportunistic pathogen P. aeruginosa as a result of specific bacteria-to-bacteria interactions in vivo. In order to elucidate whether and how the bacteria influence each other during co-infection in the tumor tissue, we recorded the ex vivo transcriptional profile of the murine tumors infected with pure cultures of PA14 and V. parvula as well as from tumors co-infected with both bacterial pathogens. We performed ex-vivo RNA-sequence analysis, as recently described by Dötsch et al.
(36) with some modifications and also compared the in vivo transcriptomes with those of the in vitro mono-and co-cultures.
Independent on whether or not V. parvula was mono-or co-infected/co-cultured with P. aeruginosa, we found 158 genes that were differentially regulated in V. parvula in vivo as opposed to in vitro conditions (76 genes were up-regulated and 82 were down-regulated in vivo, Table S1 ). Many of the genes that were highly expressed in vivo are involved in central bacterial metabolism indicating that the in vivo conditions promote V. parvula growth. Table 2 depicts the set of genes that were differentially regulated in V. parvula during co-infection with P. aeruginosa as opposed to V. parvula mono-infections of the mouse tumor. Twenty-four V.
parvula genes were down-regulated in vivo in the presence of P. aeruginosa and only one was upregulated more than 2.5-fold (at a selected P-value of ≤ 0.05). A strong down-regulation of genes involved in biotin metabolism was found. Furthermore, many transcriptional changes of V.
parvula in vivo in the presence of P. aeruginosa involved hypothetical genes putatively encoding transport and transmembrane signaling proteins, such as ABC-transporters or periplasmicbinding-proteins.
On the other hand, independent on whether or not P. aeruginosa was co-infected/co-cultivated with V. parvula, we found 680 genes that were differentially regulated in PA14 in vivo as opposed to in vitro conditions (Table S2 ). As expected, P. aeruginosa genes that were highly expressed in vivo were genes of the type III secretion system and genes involved in iron acquisition and amino acid biosynthesis as well as energy metabolism. Thus, similar as observed for V. parvula, our in vivo conditions appear to promote P. aeruginosa growth.
We next determined which genes were differentially regulated in PA14 during co-infection with V. parvula as opposed to P. aeruginosa mono-infections of the mouse tumor (Table 3) . Only ten P. aeruginosa genes were over-expressed in vivo in the presence of V. parvula (most of them were annotated as hypothetical, unclassified or unknown) whereas 78 genes were down-regulated more than 2.5-fold (at a selected P-value of ≤ 0.05). As observed for V. parvula many of the downregulated P. aeruginosa genes during co-infection with V. parvula encode hypothetical proteins or are involved in transport of small molecules or adaptation/protection processes ( Table 3) . One of the strongest down-regulation in the presence of V. parvula was observed for the P. aeruginosa 
DISCUSSION
Although it has been implicated that CF patients may benefit from antibiotic treatment that includes anaerobes (50, 51) , obligate anaerobes are not yet a routine target in the treatment of CF lung infections. Nevertheless, it is evident that anaerobic bacteria are prevalent in the lungs of CF patients (3). However, their contribution to CF lung pathophysiology is far from being understood. More information on how anaerobes interact with other CF pathogens, the general lung microbiome as well as the host immune system is needed in order to develop and apply more effective regimens to treat chronic lung disease in CF.
In this study, we analyzed how the dominant CF pathogen P. aeruginosa specifically interacts with V. parvula, an anaerobic bacterium that is routinely recovered from the respiratory tract material of CF patients at cell numbers comparable to or even higher than those of P. aeruginosa (3). We found that P. aeruginosa PA14 growth as well as its transcriptional profile is not significantly changed in the presence of V. parvula in vitro, although PA14 rapidly kills V.
parvula either by direct cell-cell contact or via a short lived molecule as supernatants of PA14 had no influence on growth of V. parvula.
We also found a trend towards an earlier and stronger aggregation during the biofilm formation process in co-cultures of the two bacterial species in vitro. This indicates that the presence of V.
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FIGURE LEGENDS
FIG 1 Growth of P. aeruginosa PA14 and V. parvula in mono-and co-culture conditions. CFU measurement of P. aeruginosa PA14 (white circle), P. aeruginosa PA14 in co-culture (black circle), V. parvula (white triangle) and V. parvula in co-culture (black triangle) under anaerobe growth conditions over time. The growth media PYG was supplemented with 100 mM KNO 3 . The mean±standard deviation of three independent replicates is presented. 
FIG 4
Survival rate of single and co-infected CT26 tumors bearing mice. Tumor-bearing mice were infected i.v. with V. parvula (white bars), P. aeruginosa PA14 (grey bars) or with both species (black bars). Mice survival was measured at 48 h post infection before tumors and organs were dissected for further experiments. The average survival rate during 4 experiments each performed with 5 mice is reported with standard deviation of the mean. Statistical significance was assessed by Mann-Whitney test. *** P ≤ 0.001.
FIG 5
Visualization of P. aeruginosa and V. parvula in tumor tissue, overview (A) and insets at higher magnification (B,C, and D). All tumor tissue samples were simultaneously hybridized with species-specific probes for P. aeruginosa (PSM_G FITC (green)) and V. parvula (VEPA Cy3
